Abstract. The possible relationship between cyclic adenosine 3':5'-moiiophosphate (cAMP) and neurotubules in synaptic transmission has been explored. The neurotubular subunit protein from bovine cerebral cortex has been prepared. The addition of cAMP to this preparation in the presence of ATP stimulates the phosphorylation of serine residue(s) in the principal component of the preparation. The neurotubule subunit thus serves as a substrate for an intrinsic, cyclic nucleotide-dependent protein kinase closely associated with the neurotubule subunit. The significance of this finding is discussed in terms of a general model for cellular secretion involving microtubules, cyclic A1\IP, protein kinase, and calcium ion.
The enzymes involved in the synthesis and hydrolysis of adenosine 3': 5'-monophosphate (cAMP) are widely distributed in many types of mammalian cells' including those in the central nervous system.2 '3 They are present in particularly high concentration in the synaptosome fraction of brain homogenates4 5 and have been implicated in the process of neurotransmitter release.6-'0 cAl\IP and the enzymes which control its concentration have also been implicated in the process of exocrine and endocrine secretion.1214 However, in none of these cases has the precise role of cAl\IP been elucidated. Nevertheless, the increase in cAMIP concentration following the stimulation of secretory cells by specific stimuli suggests that secretory processes may have a common biochemical basis.
In the hopes of elucidating the underlying basis of secretory processes, we have studied the role of cAMP in neurosecretion. Our approach to this study is based upon a number of recent discoveries concerning the structural components of secretory cells which may be involved in the process of secretion. In nerve endings, exocrine cells, and endocrine cells,15-19 the product to be secreted is stored in small membrane-limited vesicles which are thought to move to the surface membrane of the cell when the cell is stimulated. At the surface the membrane of the vesicle is thought to fuse with the plasma membrane, resulting in release of the stored product into the extracellular space. A detail of major importance in defining the underlying basis of this process concerns the mechanism by which the migration of the vesicle is controlled. MIicrotubules VOL. 67, 1970 CYCLIC AMP AND NEUROTUBULE SUBUNITS 653 or neurotubules are one of the most prominent morphological features of these secretory systems, including the synapse. In the presynaptic ending an association between these tubules and the secretory vesicles has been noted.20 A similar association between melanin granules and microtubules in melanocytes has also been described. 2' One chemical property of the microtubular or neurotubular protein(s) is its ability to bind colchicine. 22 In fact, this property has been used as the means of isolating this protein in relatively homogeneous form. From the point of view of function, colchicine treatment has been shown to inhibit cellular events involving microtubules.2327 Included among the functions inhibited by colchicine are neurotransmitter release at the synapse28 and insulin release from the islet cells of the pancreas.29
Upon the basis of this evidence, we reasoned that cAMP might effect neurosecretion by altering the properties of the neurotubules, the isolated secretory vesicles, and/or the surface membrane. Methods for the isolation of the first two of these components were available. 22 As Hence a study of the effect of cAMP upon the properties of the neurotubular protein subunit and the synaptic vesicle seemed appropriate. The question then became one of deciding what properties of these structures might be altered by cAMP.
Two recent theories of cAMP action have received considerable attention. In one, the action of the nucleotide has been related to its apparent ability to alter calcium uptake by cells, and thereby influence a variety, of intracellular events. [31] [32] [33] In the other, the action of the nucleotide is mediated by its ability to stimulate specific protein kinases.34 In this communication we explore the relevance of the second theory to secretory processes.
Largely from the work of Krebs and associates, 35' 36 and that of Kuo and Greengard,37 it has been shown that protein kinases are widely distributed in animal tissues. Moreover, a cAMP-dependent protein kinase has been purified from brain. 38 The major limitation in interpreting the role of the protein kinase in various tissues is a lack of knowledge of its natural substrate within particular cells. The usual assay for this enzyme has been based on its ability to stimulate the phosphorylation of either histone or casein. It is known that phosphorylase b kinase kinase, a specific enzyme involved in the activation of the phosphorylase system, is activated by cAMP.55 Because nearly all animal cells possess the ability to synthesize and degrade glycogen, the presence of protein kinase activity should be widely distributed even if protein kinase activity is confined only to activating the enzymes involved in glycogen metabolism. However, recent evidence suggests that protein kinases have other specific substrates in particular tissues.39 40 In the central nervous system no specific substrate for the brain protein kinase has been identified. However, in light of the foregoing evidence, we examined the effects of protein kinase and cAMP on the phosphorylation of the presumed brain neurotubular subunit protein and of brain synaptic vesicles.
Our results show that the neurotubular protein serves as a substrate for both an intrinsic protein kinase associated with the isolated tubules and the brain protein kinase isolated by .the method of Mkiyamoto, Kuo, and Greengard.38
In contrast, the isolated synaptic vesicles did not possess intrinsic protein kinase activity and served only as a poor substrate for the independently isolated brain protein kinase.
Materials and Methods. Bovine brains were obtained immediately after slaughter from a local abattoir. The cyclic nucleotide-dependent protein kinase was prepared by the method of Miyamoto et al.R8 The neurotubular protein was isolated by Procedure 2 of Weisenberg, Borisy, and Taylor.22 Synaptic vesicles from rat cerebral cortices were prepared according to Whittaker and Sheridan.A0 Cyclic nucleotide-dependent protein kinase activity was measured in the standard assay mixture described by Miyamoto and co-workers;"8 routine incubations were carried out for 30 sec at 300C. Where appropriate, calf thymus histone (Sigma type II-A) was used as an artificial substrate. The method of Weller and Rodnight4l was employed to identify 32P-labeled phosphoserine in the reaction mixture. Polyacrylamide disc electrophoresis42 was performed on neurotubules precipitated from the reaction mixture by trichloroacetic acid and redissolved in 8 M urea. The gels were cut into 1.5 mm slices and 2p was determined directly in a scintillation counter. Nucleotides were obtained from commercial sources as previously reported.R8 [ nate shows the radioactivity in trichloroacetic acidprecipitable 32P from the total reaction mixture.
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Appropriate corrections were made for heat-denatured blanks.
2.5-0 1-0 5 10 Minutes tein kinase was added to the tubule preparation the extent of phosphorylation was increased, but the ratio of phosphorylation in the presence and absence of cAMP was not increased (Fig. lb) . In fact, the addition of extrinsic enzyme reduced the stimulation of phosphorylation induced by cAMP. The ratio of phosphorylation in the presence and absence of cAMP was greatest in the first 30 sec after addition of [,y_32P ]ATP; therefore, the preparation was routinely assayed over this time interval.
The neurotubular protein preparation was next examined to identify which component was phosphorylated by the intrinsic cAMP-dependent protein kinase. As shown in Fig. 2 Gill. 43 The nature of the carbohydrate associated with the protein and the question of whether the carbohydrate moiety of the neurotubule was phosphorylated are currently under investigation. When the phosphorylated product was subjected to gel filtration on Sephadex G-100, the radioactivity and protein emerged as a single peak in the void volume of the column. This radioactivity was specifically attached to the protein, as repeated trichloroacetic acid precipitation and resolubilization of the protein did not release significant radioactivity. This observation, as well as the continued increase in 32p incorporation into protein over the time course shown in Fig. la , indicated that the preparation was free of phosphatase activity and the product was stable. The possibility that this phosphorylation of tubule protein reflected an ATPase activity rather than a protein kinase activity was also considered, because similar results might have been observed if the ATPase possessed 4 A question which has not yet been resolved is whether the endogenous kinase activity present in the neurotubule preparation was merely due to a contamination of the preparation by the protein kinase isolated by Miyamoto and coworkers, 22'29 or whether the kinase actually existed as a separate enzyme closely associated with the neurotubular subunit. The possibility also existed that the neurotubular subunit itself contained the kinase activity and cAMP stimulated essentially a self-phosphorylation of the tubule. Several experiments were performed in an attempt to resolve these possibilities.
The effect of various concentrations of cAMP on the activity of the intrinsic neurotubule-kinase system is shown in Fig. 3 . This activation curve resembled the activation data reported for the purified brain protein kinase with histone as substrate, although the apparent Km for the intrinsic neurotubule kinase is about an order of magnitude greater than the apparent Km for the brain protein kinase. The nucleotide specificity for activation of the neurotubule-kinase system (Table 1) / 1 radioactivity of trichloroacetic acid-precipitable 32p in the total reaction mixture. Ap--propriate corrections were made for heatdenatured blanks. of the purified kinase.31 38 Both the extrinsic protein kinase and the intrinsic neurotubule-kinase were excluded from Sephadex G-100. In addition, the isoelectric point of the neurotubular subunit and the brain protein kinase, as determined by' isoelectric focusing, was 4.5. This same isoelectric point has been reported for the brain protein kinase. 38 Further, the behavior of the two proteins on DEAE Sephadex was similar. Thus the evidence from these experiments suggested that the kinase activity present in neurotubule subunit preparation was due to contamination by the enzyme isolated by Miyamoto and coworkers.38 However, these authors reported that calcium completely inhibited the cAMP-dependent activity of this enzyme, whereas 2 mM Ca++ did not inhibit this activity in our neurotubule-kinase preparations. More work is however, necessary to identify the source of the kinase activity in the neurotubule preparation.
Because of the ability of colchicine to bind to microtubular proteins and to block secretion, the effect of colchicine on the response of microtubular protein to cAMP was examined. Colchicine, at a concentration of 10-6 M, did not inhibit the cAMP-induced phosphorylation. In addition, synaptic vesicles had no intrinsic protein kinase activity and served only as a poor substrate for extrinsic protein kinase.
Discussion The present results provide the first biochemical evidence for a relationship between cAMP and microtubules; the neurotubular protein subunit is a natural substrate for a cAMP-dependent protein kinase in brain. This finding provides an explanation for the role of microtubules and cAMP in secretory processes.
If the notion is accepted that cAMP-stimulated phosphorylation of neurotubules is an initial event in vesicle secretion, it then follows that the next important step in elucidating the mechanism of secretion is determining the nature of the interactions between tubules and vesicles and determining how these interactions are influenced by phosphorylation of the tubules with regard to the two theories proposed to explain the action of cAMP. The present data support the hypothesis that cAMP acts by stimulating specific protein kinases. However, these two hypotheses are not mutually exclusive. The cyclic nucleotide could simultaneously increase cellular calcium uptake as well as stimulate protein kinases.
Many secretory processes depend upon calcium.3"-33 In addition, there is much recent evidence relating calcium and cAMP. However, the role of calcium in secretory processes has not been elucidated. In light of the known role of calcium as the coupling factor between excitation and contraction in muscle48 and its postulated role as the coupling factor between excitation and secretion in many different types of secretory cells,49 it becomes of great interest to determine the effect of Ca++ upon the interaction between secretory vesicles and microtubules, especially since a close structural and functional similarity between microtubular protein from various sources and the muscle protein actin has been emphasized. [44] [45] [46] [47] As a working hypothesis we propose that the basic elements in the secretory process involve cAMP and Ca++, both serving as intracellular messengers following cell stimulation. We envision the sequence: cAMP-dependent phosphorylation of microtubules, followed by activation of the phosphorylated protein by Ca++, in analogy to the role of these two intracellular messengers in the activation of the phosphorylase system in cardiac muscle.33 In the neurotubule-vesicle system Ca++ could be an essential activator of an enzymatic process or it could promote an association between the phosphorylated neurotubule and secretory vesicles or between secretory vesicles and the cell membrane by serving as a bridge between anionic groups on the two components.
Study of the process of secretion involves determining the nature of interactions between microtubules, vesicles, and surface membrane. Although many studies have been carried out to determine the stimuli and experimental conditions which promote release of products from isolated secretory vesicles, this in vitro approach may not be the most fruitful in determining the mechanism of secretion. The relationship between secretory vesicles, microtubules, and the plasma membrane must ultimately be determined.
